In response to environmental stress, cells induce a program of gene expression designed to remedy cellular damage or, alternatively, induce apoptosis. In this report, we explore the role of a family of protein kinases that phosphorylate eukaryotic initiation factor 2 (eIF2) in coordinating stress gene responses. We find that expression of activating transcription factor 3 (ATF3), a member of the ATF/CREB subfamily of basic-region leucine zipper (bZIP) proteins, is induced in response to endoplasmic reticulum (ER) stress or amino acid starvation by a mechanism requiring eIF2 kinases PEK (Perk or EIF2AK3) and GCN2 (EIF2AK4), respectively. Increased expression of ATF3 protein occurs early in response to stress by a mechanism requiring the related bZIP transcriptional regulator ATF4. ATF3 contributes to induction of the CHOP transcriptional factor in response to amino acid starvation, and loss of ATF3 function significantly lowers stress-induced expression of GADD34, an eIF2 protein phosphatase regulatory subunit implicated in feedback control of the eIF2 kinase stress response. Overexpression of ATF3 in mouse embryo fibroblasts partially bypasses the requirement for PEK for induction of GADD34 in response to ER stress, further supporting the idea that ATF3 functions directly or indirectly as a transcriptional activator of genes targeted by the eIF2 kinase stress pathway. These results indicate that ATF3 has an integral role in the coordinate gene expression induced by eIF2 kinases. Given that ATF3 is induced by a very large number of environmental insults, this study supports involvement of eIF2 kinases in the coordination of gene expression in response to a more diverse set of stress conditions than previously proposed.
Environmental stresses induce a program of coordinate gene expression designed to remedy the underlying cellular disturbance or, alternatively, induce apoptosis. Facilitating this stress response are transcriptional regulators, such as activating transcription factor 3 (ATF3), a member of the ATF/CREB subfamily of the basic-region leucine zipper (bZIP) family (26) . ATF3 levels are dramatically induced in response to a variety of stress conditions in many different tissues (26, 27) . For example, ATF3 is increased in liver exposed to acetaminophen, cycloheximide, carbon tetrachloride, or alcohol, in heart or pancreas subjected to ischemia coupled with reperfusion, in brain by seizure, in pancreas following streptozotocin treatment, and in cultured cells following exposure to a variety of stress treatments, including UV light and ionizing radiation, proteasome inhibitors, and homocysteine. ATF3 mRNA usually increases within 2 h of stress exposure, and ATF3 protein can function as a homodimer or as a complex with members of the CCAAT/enhancer binding protein (C/EBP) family of transcription factors, such as the apoptosis-inducing protein CHOP (also designated GADD153) that is linked to diabetes (13, 22, 24, 26, 27, 50) . The molecular basis for the stress induction of ATF3 and the scope of its target genes are not well understood.
We have been interested in the early events of stress responses involving a family of protein kinases that phosphorylate the ␣ subunit of eukaryotic initiation factor 2 (eIF2). eIF2 combined with GTP delivers initiator Met-tRNA to the 40S ribosome (35) . After association of the preinitiation complex to mRNA and ribosomal recognition of the initiation codon, the GTP associated with eIF2 is hydrolyzed to GDP and eIF2 is released from the ribosome. Recycling of eIF2 to the active GTP-bound form requires a guanine nucleotide exchange factor, eIF2B, and phosphorylation of eIF2␣ alters this initiation factor from a substrate to an inhibitor of the eIF2B exchange factor. The resulting reduction in eIF2-GTP levels has been shown to impact both general and gene-specific translation (15, 36, 67) .
Four distinct eIF2 kinases have been identified in mammals, and each contains unique regulatory domains important for detection of different stress conditions and kinase activation (14, 32, 36, 54, 58, 67) . For example, impaired assembly of proteins targeted for the secretory pathway leads to enhanced phosphorylation of eIF2␣ by pancreatic eIF2 kinase (PEK, also designated pancreatic endoplasmic reticulum [ER] kinase, Perk, or EIF2AK3). Recognition of this so-called ER stress by the ER transmembrane protein PEK is proposed to occur through interaction with ER chaperones, such as GRP78/BiP, with a portion of the ER lumenal sequences of PEK (5, 43, 54) . Accumulation of misfolded protein during stress is thought to titrate off the repressing ER chaperone from its association with PEK, allowing for oligomerization between PEK polypeptides that is required for induction of its eIF2 kinase activity. In the cytoplasm, the eIF2 kinase GCN2 detects amino acid limitation through the consequent elevated levels of uncharged tRNA (19, 23, 30, 36, 62, 67, 68, 76, 77) . Such uncharged tRNA interacts with a regulatory domain of GCN2 homologous to histidyl-tRNA synthetase enzymes, leading to a proposed release of an inhibitory interaction between the carboxy-terminal sequences of GCN2 and its catalytic domain. GCN2 association with uncharged tRNA is not limited to histidyl-tRNA, and thus, this eIF2 kinase can recognize a broad range of amino acid limitations. Impaired recognition of stress conditions by eIF2 kinases, and the resulting loss of the appropriate gene expression pathways, can have severe medical consequences. In the case of PEK (EIF2AK3 gene) in humans, loss of this eIF2 kinase function leads to a rare autosomal recessive disorder, Wolcott-Rallison syndrome (WRS) (17) . WRS is characterized by neonatal insulin-dependent diabetes accompanied by a characteristic loss of the pancreatic beta cells and an occurrence of epiphyseal dysplasia, osteoporosis, and growth retardation (12, 64) . PEK Ϫ/Ϫ (Perk Ϫ/Ϫ ) mice display similar pancreatic and bone defects and succumb to complications related to severe hyperglycemia within several weeks of birth (28, 75) .
While the linkage between individual eIF2 kinases and certain stress conditions is well established, we are only beginning to appreciate the details of the gene expression changes directed by eIF2␣ phosphorylation. In the well-characterized yeast Saccharomyces cerevisiae, phosphorylation of eIF2␣ by GCN2 protein kinase leads to preferential translation of GCN4 by a mechanism involving four short open reading frames in the 5Ј-noncoding portion of the GCN4 mRNA (1, 36). GCN4 is a bZIP transcriptional activator of a large number of genes involved in the metabolism of amino acids, nucleotides, and vitamins and biogenesis of peroxisomes (37, 46) . While no GCN4 orthologue exists in mammals, another bZIP activator, ATF4, is translationally induced in response to eIF2␣ phosphorylation by a mechanism involving upstream open reading frames (30) . However, a recent DNA microarray study indicated that less than a third of the genes requiring PEK for activation in response to ER stress were affected by loss of ATF4 function (33) . This suggests that additional transcriptional regulators are critical participants in the eIF2 kinase stress responses. Phosphorylation of eIF2␣ during ER stress in higher eukaryotes also functions in concert with the unfolded protein response (UPR) (29, 41, 52) . The UPR involves the expression of a large number of genes important for facilitating protein secretion, such as the well-characterized ER chaperone gene GRP78.
In this study, we used mouse embryo fibroblasts (MEFs) carrying deletions of eIF2 kinase genes, ATF3, or ATF4 to address the role of ATF3 in stress responses mediated by eIF2 kinases. Induction of ATF3 requires PEK during ER stress and GCN2 in response to amino acid starvation. Elevated levels of ATF3 are important for expression of CHOP in response to leucine starvation, but not ER stress, and for full induction of the eIF2 protein phosphatase targeting subunit, GADD34, in response to either stress condition. We conclude that ATF3 has a primary role in the eIF2 kinase stress response.
MATERIALS AND METHODS
Cell culture, transfections, and stress conditions. MEF cells were isolated by trypsinization of embryos dissected from day 12 to day 14 of gestation from crosses between heterozygous PEK ϩ/Ϫ (Perk ϩ/Ϫ ) animals (75) (75, 76) . PKR Ϫ/Ϫ cells express low levels of a truncated PKR product that is missing amino-terminal regulatory sequences required for eIF2 kinase function in vivo (4, 65, 66, 73) . MEF cells were cultured in Dulbecco's modified Eagle's medium (DMEM; BioWhittaker) supplemented with 1 mM nonessential amino acids, 100 U of penicillin per ml, 10% fetal bovine serum, and 100 g of streptomycin per ml and immortalized by infection with a recombinant retrovirus expressing simian virus 40 large T antigen (70) .
ER stress in MEF cells was brought about by addition of 1 M thapsigargin to the medium and incubation for the indicated times. MEF cells were subjected to amino acid starvation by culturing in DMEM without leucine (BioWhittaker). Patterns of eIF2␣ phosphorylation induced in response to nutrient or ER stress were similar between the primary MEFs and immortalized MEF cell lines. To address the role of protein synthesis or transcription in bZIP protein expression during ER stress, 50 g of cycloheximide per ml or 10 g of actinomycin D per ml was added to PEK ϩ/ϩ cells along with 1 M thapsigargin and the cells were incubated for 3 or 6 h prior to collection and analysis. MEF, human embryonic kidney (HEK) 293T, and NIH 3T3 cells were transfected with expression plasmids by using Lipofectamine (Invitrogen Life Technologies). After the transfected cells had been cultured for 48 h, they were treated with 1 M thapsigargin for 6 h. The PEK cDNA was inserted downstream of the cytomegalovirus promoter in plasmid pcDNA3, and ATF3 was expressed by using the pCGF vector.
Preparation of protein lysates and immunoblot analyses. MEF cells subjected to the indicated stress or no stress were washed twice with ice-cold phosphatebuffered saline solution. Cell lysates were prepared by using lysis buffer (50 mM Tris-HCl [pH 7.9], 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate [SDS] , 100 mM NaF, 17.5 mM ␤-glycerophosphate, 10% glycerol) supplemented with protease inhibitors (100 M phenylmethylsulfonyl fluoride, 0.15 M aprotinin, 1 M leupeptin, and 1 M pepstatin), sonicated for 30 s, and clarified by centrifugation. Supernatants were analyzed for protein content by the Bio-Rad protein quantitation kit for detergent lysis in accordance with the manufacturer's directions. For immunoblot assays, the same amount of each protein sample was separated in an SDS-polyacrylamide gel and transferred to nitrocellulose filters. Low-and high-range polypeptide markers (Bio-Rad) were used to measure the molecular weights of proteins. Immunoblot analyses were carried out with a TBS-T solution containing 20 mM Tris-HCl (pH 7.9), 150 mM NaCl, and 0.2% Tween 20 supplemented with 4% nonfat milk. Filters were incubated with an antibody that specifically recognizes the indicated protein. ATF3, ATF4, CHOP, and GRP78/BiP antibodies were purchased from Santa Cruz Biotechnology, actin monoclonal antibody was obtained from Sigma, and PEK antibody was prepared as previously described (61) . ATF3 and ATF4 studies were independently confirmed with ATF4 and ATF3 polyclonal antibodies that were prepared from recombinant proteins. Immunoblot assays measuring eIF2␣ phosphorylation were performed with a polyclonal antibody that specifically recognizes phosphorylated eIF2␣ at Ser-51 (Research Genetics or StressGen). A monoclonal antibody that recognizes either phosphorylated or nonphosphorylated forms of eIF2␣ was provided by Scot Kimball (College of Medicine, Pennsylvania State University, Hershey). Following incubation of the antibody with the filters, the blots were washed three times in TBS-T and incubated with TBS-T containing a secondary antibody conjugated to horseradish peroxidase (Bio-Rad). Filters were washed three times in TBS-T solution, and the antibody complexes were detected by enhanced chemiluminescence. The protein-antibody complexes were visualized with a horseradish peroxidase-labeled secondary antibody and a chemiluminescent substrate. To establish linearity in the immunoblot assays, proteins were serially diluted in the SDS-polyacrylamide gel electrophoresis and multiple autoradiographic exposures were performed. Quantitation of visualized bands was carried out by densitometry.
RNA isolation and analyses. Northern analyses were carried out as previously described (56) . Total cellular RNA was isolated from MEFs treated with 1 M thapsigargin for the indicated number of hours or no stress with the TRIZOL reagent (Invitrogen Life Technologies) in accordance with the manufacturer's instructions. A 20-g portion of RNA from each sample preparation was separated by electrophoresis with a 1.4% agarose-6% formaldehyde gel and visualized by using ethidium bromide staining and UV light. RNA was transferred onto GeneScreen Plus filters (New England Nuclear) and hybridized to 32 P-labeled DNA probes, and filters were washed under high-stringency conditions and visualized by autoradiography. The probe for CHOP included a 540-bp DNA fragment from the coding region that was kindly provided by Ma Yanjun, St. Jude's Children's Research Hospital, Memphis, Tenn. The probe for ATF3 was a 646-bp DNA segment generated by PCR that included the coding region of this transcription factor.
EMSA. Nuclear extracts were prepared from cells as described previously (39) . Briefly, cells were resuspended in 1 ml of cold hypotonic RSB buffer (10 mM Tris [pH 7.4], 10 mM NaCl, 3 mM MgCl 2 ) supplemented with 0.5% NP-40 and protease inhibitors. Following a 15-min incubation on ice, the cells were lysed with a Dounce homogenizer. Nuclei were resuspended in 2 packed nuclear volumes of extraction buffer C (420 mM KCl, 20 mM HEPES [pH 7.9], 1.5 mM MgCl 2 , 0.2 mM EDTA, 20% glycerol) supplemented with protease inhibitors and incubated on ice for 30 min. Protein concentrations were determined with the Bio-Rad protein assay. The core sequences of the double-stranded oligonucleotides used in the electrophoretic mobility shift assay (EMSA) include a previously published ATF-C/EBP composite binding sequence (CATTGCATCATC) (22) , NFB binding sequence (GGGTTTTCC) (39), or ATF/CREB binding element (GTGACGTCAG) beginning at position Ϫ77 in the mouse GADD34 promoter (38) . The sequence of the double-stranded oligonucleotide for octomer 1 (OCT1) binding was TGTCGAATGCAAATCACTAGAA (39) . For the binding reaction, 32 P-labeled DNA fragments (20,000 to 25,000 cpm), 5 g of nuclear extract, and 2.5 g of poly(dI-dC), as a nonspecific competitor, were added to a solution containing 10 mM HEPES [pH 7.9], 4 mM dithiothreitol, 0.5% Triton X-100, 100 mM KCl, and 2.5% glycerol in a final assay volume of 25 l. The binding assay was carried out at room temperature for 30 min, and DNA-protein complexes were separated by gel electrophoresis as previously described (63) . Where indicated, excess unlabeled competitor DNA fragments were added to the assay mixture to ascertain binding specificity.
RESULTS
PEK is required for coordinate induction of ATF3, as well as ATF4 and CHOP. Phosphorylation of eIF2␣ by PEK is an early event in a coordinate gene expression response to ER stress (31, 32, 43, 61) . PEK ϩ/ϩ and PEK Ϫ/Ϫ MEF cells were treated with thapsigargin, a known ER stress agent that triggers release of calcium from this organelle, and levels of phosphorylation of the ␣ subunit of eIF2 at Ser-51 were measured by immunoblotting with polyclonal antibodies specific to this phosphorylated epitope (Fig. 1A) . Within 1 h of thapsigargin treatment, eIF2␣ phosphorylation was significantly increased in cells with functional PEK, and these elevated levels were sustained after 8 h of exposure. By comparison, minimal phosphorylation of eIF2␣ was observed in PEK Ϫ/Ϫ cells subjected to ER stress for up to 3 h. However, following 6 h of thapsigargin treatment, the levels of eIF2␣ phosphorylation were increased in the absence of PEK activity, with elevated eIF2␣ phosphorylation in the PEK ϩ/ϩ and PEK Ϫ/Ϫ cells subjected to 8 h of ER stress. These results indicate that PEK is the primary activated eIF2 kinase during ER stress, with the activity of one or more secondary eIF2 kinases being induced with extended stress of the ER organelle.
In addition to PEK and GCN2, fibroblast cells express the eIF2 kinase PKR, which is important for translational control in response to viral infection (69) . The fourth eIF2 kinase in mammals, HRI, is expressed predominantly in erythroid tissues and functions to couple heme availability to the synthesis of proteins, principally globin in this cell type (14) . To address which eIF2 kinase is activated in response to extended ER stress conditions, combined PEK Ϫ/Ϫ GCN2 Ϫ/Ϫ MEF cells or MEF cells carrying deletions of the eIF2 kinase genes PEK, GCN2, and PKR were subjected to ER stress. While phosphorylation of eIF2␣ was induced in the PEK Ϫ/Ϫ cells after 6 h of thapsigargin treatment, the combined PEK Ϫ/Ϫ GCN2 Ϫ/Ϫ MEF cells showed minimal levels of eIF2␣ phosphorylation that was further reduced in cells carrying deletions of the three eIF2 kinase genes (Fig. 1A and B) . These results indicate that PEK is the primary eIF2 kinase induced by ER stress, and GCN2 can function as a secondary kinase that is activated under an extended ER stress condition.
Expression of transcriptional activators ATF4 and CHOP was reported to be induced in response to eIF2␣ phosphorylation during ER stress (30) . ATF4 levels were increased in PEK ϩ/ϩ cells after 1 h of thapsigargin treatment, with maximal expression after 3 h of ER stress (Fig. 1C) . By comparison, in the absence of PEK activity, minimal amounts of ATF4 protein were detected even after 12 h of thapsigargin exposure. Levels of the control protein actin were unchanged during this ER stress. eIF2␣ phosphorylation was significantly induced in PEK Ϫ/Ϫ cells following 6 h of this ER stress; therefore, eIF2␣ phosphorylation alone does not appear to be sufficient for induction of ATF4 synthesis. Transcription of CHOP has been linked to ATF4 and eIF2␣ phosphorylation during ER stress (22, 30, 44) . Cells containing PEK activity induced CHOP mRNA and protein levels within 3 h of thapsigargin treatment ( Fig. 1C and 2 ). By contrast, minimal CHOP mRNA and protein were detected in the absence of PEK activity.
ATF3 is expressed in response to a broad spectrum of stress conditions. We therefore measured ATF3 protein expression in PEK ϩ/ϩ and PEK Ϫ/Ϫ cells in response to ER stress. Levels of ATF3 protein were significantly elevated between 1 and 3 h of thapsigargin treatment of MEF cells containing functional PEK, with only modest increases thereafter (Fig. 1C) . Consistent with this protein induction, ATF3 mRNA levels in PEK ϩ/ϩ cells were significantly enhanced within 1 h of ER stress, with continued high levels of this transcript after 6 h of thapsigargin exposure (Fig. 2) . In the absence of PEK activity, no ATF3 protein or transcript was detected ( Fig. 1C and 2 ). Transient transfection of a PEK cDNA into PEK Ϫ/Ϫ cells restored this stress response as judged by induced ATF3 protein, as well as ATF4 and CHOP expression upon thapsigargin treatment (Fig. 1D) . Furthermore, there was an accompanying activation of PEK involving autophosphorylation, as judged by a migration shift of this eIF2 kinase by immunoblotting. This migration shift is alleviated after phosphatase treatment or is absent with a similar transfection of a kinase-deficient PEK (32, 43) . We concluded that PEK is required for the coordinate induction of ATF3, as well as ATF4 and CHOP, in response to ER stress. Further supporting this conclusion, we found that ATF3, ATF4, and CHOP were localized in the nuclei of ERstressed PEK ϩ/ϩ MEF cells, as judged by confocal microscopy with antibodies directed specifically against these transcription factors and a secondary antibody conjugated to rhodamine red (data not shown). Minimal immunofluorescence was detected in PEK ϩ/ϩ cells in the absence of stress or in PEK Ϫ/Ϫ cells in the presence or absence of ER stress.
To further address whether PEK is essential for the UPR, we characterized the expression of GRP78, which has served as a model for UPR gene expression. GRP78 was induced in PEK ϩ/ϩ cells in response to ER stress, with a gradual increase in protein levels following 3 h of thapsigargin exposure and a maximum after 12 h of stress (Fig. 1C) . Elevated GRP78 protein levels were also observed in cells carrying a deletion of PEK (Fig. 1C) , indicating that expression of at least a portion of the UPR-regulated genes can be induced independently of eIF2␣ phosphorylation.
Synthesis of mRNA and protein is required for induction of ATF3 and CHOP in response to ER stress. Although ATF4, ATF3, and CHOP are coordinately expressed in response to ER stress, there are differences between these genes regarding the contribution of transcriptional control and the timing of induced expression. Expression of ATF4 is translationally in- duced by eIF2␣ phosphorylation, with an additional role for mRNA synthesis in response to amino acid limitation, and possibly ER stress (30, 60) . In the case of ATF3 and CHOP, increased mRNA levels were linked to their elevated protein expression in response to ER stress, and these increased transcript levels were absent in PEK Ϫ/Ϫ cells (Fig. 2) . To formally address the role of protein and mRNA synthesis in the accumulation of these transcription factors, we measured their expression in ER-stressed PEK ϩ/ϩ MEF cells treated in the presence or absence of cycloheximide or actinomycin D. Consistent with the idea that the ATF3, ATF4, and CHOP proteins are synthesized in response to ER stress, each of the transcription factors was significantly reduced by the addition of cycloheximide (Fig. 3A) . As previously reported, addition of only cycloheximide increased the phosphorylation of eIF2␣ (40) and combined addition of thapsigargin and cycloheximide induced eIF2␣ phosphorylation to levels exceeding that measured in cells incubated with either agent alone (Fig. 3A) . ⌻his induced eIF2␣ phosphorylation by cycloheximide treatment was also observed in PEK Ϫ/Ϫ cells, indicating that this stress regulates the activity of alternative members of the eIF2 kinase family or eIF2␣ protein phosphatases (40) . To determine the contribution of these alternative eIF2 kinases, we treated MEF cells carrying a deletion of GCN2 or PKR with cycloheximide and found levels of eIF2 phosphorylation similar to that measured for wild-type cells (data not shown). Furthermore, eIF2␣ phosphorylation was enhanced in combined GCN2
MEF cells following exposure to this translation inhibitor (Fig.  3B) . Only MEF cells carrying deletions of eIF2 kinase genes PEK, GCN2, and PKR showed a significant reduction in eIF2␣ phosphorylation following cycloheximide exposure, suggesting that multiple eIF2 kinases contribute under this stress condition. Addition of actinomycin D along with thapsigargin, followed by a 3-or 6-h incubation, resulted in no induction of ATF3 or CHOP protein (Fig. 3C) , indicating that transcription during ER stress is required for elevated expression of these transcription factors. Minimal expression of ATF4 was detected in the presence of actinomycin D. Previously, it was reported that there was a significant reduction in ATF4 mRNA in ERstressed cells after the addition of actinomycin D (30) . This observation supports the idea that induction of ATF4 expression during stress involves increased mRNA synthesis, in addition to translational control. It is also noteworthy that actinomycin D treatment alone induced eIF2␣ phosphorylation, although we detected this after a 6-h exposure (Fig. 3C) (40) . Combined addition of actinomycin D and thapsigargin increased phosphorylation of eIF2␣ to levels exceeding that measured in MEF cells incubated with either agent alone. Together, these results indicate that enhanced eIF2␣ phosphorylation occurs in response to agents that inhibit the general synthesis of mRNA or protein.
GCN2 facilitates induced expression of ATF3 and CHOP during nutrient stress. We next asked whether the coordinate induction of ATF3 expression by eIF2␣ phosphorylation occurs in response to stresses other than those impacting the ER organelle. The cytoplasmic eIF2 kinase GCN2 is induced by amino acid limitation, and we grew GCN2 ϩ/ϩ and GCN2
MEF cells in nutrient-sufficient or leucine-depleted medium. Within 1 h of leucine depletion, there was a 2.4-fold increase in eIF2␣ phosphorylation in GCN2 ϩ/ϩ cells compared to nonstarved cells (Fig. 4 ). There were enhanced levels of ATF3 following 3 h of amino acid depletion that were maintained for up to 10 h of this nutrient stress (Fig. 4) . Consistent with earlier observations, CHOP was also induced following 6 h of leucine starvation (7, 20, 30) . By comparison, induction of eIF2␣ phosphorylation in GCN2 Ϫ/Ϫ cells required a much longer nutrient stress, with phosphorylation detected only after 6 h of leucine deficiency. These results suggest that that one or more secondary eIF2 kinases in MEF cells can be activated in response to longer periods of amino acid limitation. In these GCN2
Ϫ/Ϫ cells, there was in fact a modest decrease in ATF3 protein in response to leucine deprivation (Fig. 4) . Similarly, significant levels of CHOP protein were only detected in the GCN2-deficient cells after 10 h of leucine starvation. GCN2 activity is not required for early phosphorylation of eIF2␣ in response to ER stress (Fig. 4) . ATF3 is integral to the eIF2 kinase stress response. The sequential induction pattern of ATF4, ATF3, and CHOP suggests that these proteins may function in a cascade of transcriptional expression. For example, elevated levels of ATF4 may induce ATF3, which in turn may contribute to enhanced CHOP expression. To address this model, we measured ATF3 and CHOP protein levels in ATF4 ϩ/ϩ and ATF4 Ϫ/Ϫ MEF cells subjected to ER stress or leucine starvation ( Fig. 5A and B) . While ATF4 ϩ/ϩ MEF cells showed a significant increase in ATF3 and CHOP levels in response to ER stress, the expression of both of these transcription factors was appreciably diminished in ATF4 Ϫ/Ϫ cells (Fig. 5A ). This requirement for ATF4 was also extended to amino acid deprivation whereby ATF3 and CHOP were not expressed in ATF4 Ϫ/Ϫ cells (Fig.  5B) .
To determine whether ATF3 is important for induction of CHOP, we measured CHOP protein levels in ATF3 ϩ/ϩ and ATF3 Ϫ/Ϫ MEF cells subjected to ER stress or leucine starvation ( Fig. 6A and B) . Deletion of ATF3 did not appreciably affect induction of eIF2␣ phosphorylation in response to ER stress, although eIF2␣ phosphorylation in nonstressed ATF3 Ϫ/Ϫ cells was slightly higher than in their wild-type counterparts (Fig. 5A) . ER stress induction of CHOP expression occurred in both ATF3 ϩ/ϩ and ATF3 Ϫ/Ϫ cells. Another gene induced later in the ER stress response is GADD34, which is proposed to control the eIF2 kinase response through feedback by targeting the type 1 Ser/Thr protein phosphatase to eIF2 (16, 47, 48) . GADD34 expression was induced after 6 h of ER stress in ATF3 ϩ/ϩ MEF cells (Fig. 6A) . By comparison, ATF3 mutant MEF cells exposed to thapsigargin showed significantly lower GADD34 levels.
In response to amino acid depletion, CHOP was absent in
FIG. 4. ATF3 and CHOP are induced by eIF2 kinase GCN2 in response to amino acid depletion. GCN2
ϩ/ϩ and GCN2 Ϫ/Ϫ MEF cells were grown in leucine-depleted medium for the indicated number of hours, exposed to thapsigargin (Tg), or subjected to no stress. Wholecell lysates were prepared from the cultured cells, and the levels of phosphorylated eIF2␣ (eIF2␣-P), total eIF2␣, ATF3, ATF4, and CHOP were measured by immunoblot analysis. The same amount of protein lysate was analyzed in each lane. Relative levels of phosphorylated eIF2␣ or ATF3 under the indicated stress condition were normalized to levels of total eIF2␣ in each lysate preparation.
FIG. 5. Increased expression of ATF3 in response to ER or nutritional stress requires ATF4. ATF4
ϩ/ϩ and ATF4 Ϫ/Ϫ MEF cells were treated with thapsigargin (Tg) (A), subjected to leucine starvation (B) for the indicated number of hours, or left untreated (0 h). The same amount of protein lysate was analyzed in each lane, and levels of ATF3, ATF4, CHOP, and actin were measured as indicated by immunoblot analysis with protein-specific antibodies.
ATF3 mutant cells, while MEF cells expressing wild-type ATF3
showed full induction of the CHOP transcription factor (Fig.  6B) . ATF3 Ϫ/Ϫ cells also showed delayed expression of GADD34, with appreciable protein levels only after 9 h of leucine starvation. We conclude that during amino acid deprivation, ATF3 function is obligate for increased CHOP expression and, like ER stress, for full induction of GADD34 expression.
Analysis of the ATF4 Ϫ/Ϫ and ATF3 Ϫ/Ϫ cells supports the hypothesis that there is a sequential induction of bZIP transcription factors in response to eIF2 phosphorylation. To address this epistatic relationship, we transiently expressed ATF3 in PEK Ϫ/Ϫ cells and measured its impact on the levels of GADD34 expression in response to thapsigargin exposure. Elevated expression of ATF3 partially bypassed the requirement for PEK eIF2 kinase activity for induced GADD34 expression in response to ER stress (Fig. 7 , lanes 9 and 10 versus lanes 11 and 12). Consistent with the idea that ATF3 facilitates expression of the GADD34 eIF2 phosphatase regulatory subunit, we found that transient ATF3 overexpression in PEK ϩ/ϩ MEF cells or in HEK 293T cells led to reduced eIF2␣ phosphorylation in response to ER stress (Fig. 8) . The HEK cell type has a higher basal level of ATF3 protein than that observed in MEF cells. Measurement of GADD34 protein in MEF cells showed that there were moderate levels of the phosphatase regulatory subunit in nonstressed PEK ϩ/ϩ cells overexpressing ATF3 and no detectable GADD34 in vectortransfected MEF cells (Fig. 8, lane 1 versus lane 3) . Furthermore, PEK ϩ/ϩ MEF cells overexpressing ATF3 had higher levels of GADD34 in response to ER stress than did these MEF cells containing only the expression vector (Fig. 8, lane 2  versus lane 4) . These results suggest that ATF3 can function in a mechanism of GADD34-mediated feedback inhibition of this translation control in different cell types.
Differential DNA binding in response to ER stress and nutritional stress. The nuclear fractions from PEK ϩ/ϩ and PEK Ϫ/Ϫ cells treated with thapsigargin for up to 6 h were assessed for DNA binding affinity with the EMSA. ATF3 and ATF4 have been shown to heterodimerize with members of the C/EBP family (26) . We measured DNA binding by such heterodimers by using an ATF-C/EBP composite binding site as previously described (22) . Significant DNA binding was measured with lysates prepared from thapsigargin-treated PEK ϩ/ϩ cells, with the highest levels following 6 h of ER stress (Fig.  9A) . There was no further increase in ATF-C/EBP binding in cells subjected to 6 to 12 h of ER stress (data not shown). This DNA binding was specific for ATF-C/EBP transcription factors, as judged by reduced binding to the radiolabeled DNA upon addition of excess nonradiolabeled probe with the composite element (Fig. 9A) . Furthermore, excess nonradiolabeled probe containing an NFB binding site did not compete for binding of the ATF-C/EBP site (data not shown). There was also minimal binding to the ATF-C/EBP sequence with the nuclear preparation from PEK Ϫ/Ϫ cells. As a control, we used a DNA fragment containing the binding site for the OCT1 transcription factor and found similar levels of OCT1 binding activity in the PEK ϩ/ϩ preparation during the course of thapsigargin treatment (Fig. 9B) . With the PEK Ϫ/Ϫ lysates, we found a modest reduction in OCT1 binding levels in the absence of ER stress and after 1 h of thapsigargin treatment. Specificity for OCT1 DNA binding in the EMSA was established by competition with nonradiolabeled OCT1 site DNA.
To determine the identity of the transcription factor(s) binding to the ATF-C/EBP DNA binding element, we assessed the mobility shift following the addition of a polyclonal antibody specific for ATF3, ATF4, or CHOP. Addition of an ATF4 antibody further retarded the migration of the radiolabeled DNA (Fig. 8A) . By comparison, addition of an antibody specific to ATF3 or CHOP did not elicit a supershift in DNA migration. We used a DNA sequence containing an ATF binding site in the EMSA and found no enhancement of binding in PEK ϩ/ϩ cells treated with thapsigargin for up to 12 h (data not shown). These results support the idea that elevated levels of ATF4 under ER stress conditions facilitate the stress response by forming heterodimers with one or more C/EBPs. These results are in agreement with earlier studies that suggested that ATF-CHOP heterodimers bind poorly to the ATF-C/EBP consensus sequence (13, 21, 53) .
Given the importance of ATF3 in the expression of GADD34, we next characterized ATF binding in the GADD34 promoter. A radiolabeled ATF/CREB DNA element that is conserved among the mouse, human, and hamster GADD34 promoter regions was incubated with nuclear lysates prepared from PEK ϩ/ϩ and PEK Ϫ/Ϫ MEF cells subjected to ER stress for up to 6 h ( Fig. 9C) (38, 45) . After 3 h of thapsigargin treatment, there was enhancement of five distinct protein-DNA complex bands, designated A to E, in PEK ϩ/ϩ cells, while no increase was detectable in the PEK Ϫ/Ϫ nuclear lysates. Control OCT1-DNA binding remained unchanged during the course of the thapsigargin treatment (Fig. 9D) . Addition of ATF4-specific antibody to the EMSA showed a supershift of the A and B bands, while addition of ATF3 antibody did not elicit a significant alteration in the ATF/ CREB binding pattern (Fig. 9C, lanes 11 and 12) .
We also characterized binding to the GADD34 ATF/CREB DNA element with lysates prepared from ATF3 ϩ/ϩ and ATF3 Ϫ/Ϫ MEF cells exposed to thapsigargin or leucine deprivation for 3 or 6 h (Fig. 9E) . ER or nutritional stress induced DNA binding in the EMSA. Excess nonradiolabeled ATF/ CREB probe reduced binding, while DNA containing an NFB binding site did not compete for binding (Fig. 9E and data not shown). With nuclear lysates prepared from ATF3 Ϫ/Ϫ cells deprived of leucine, there was a significant reduction in bound GADD34 ATF/CREB DNA compared to lysates prepared from similarly starved wild-type cells (Fig. 9E, lanes 4  and 5 versus lanes 12 and 13) . Minimal DNA binding differences were observed between ATF3 ϩ/ϩ and ATF3 Ϫ/Ϫ cells treated with thapsigargin (Fig, 9E) . These results suggest that the ATF/CREB binding element contributes to increased expression of GADD34 expression in response to ER or nutritional stress. Furthermore, in response to leucine starvation, ATF3 directly or indirectly enhances binding at the ATF/ CREB element in the GADD34 promoter.
DISCUSSION
eIF2 kinases induce a multifaceted program of gene expression in response to stress. Phosphorylation of eIF2␣ contributes to a complex pattern of gene expression whereby multiple transcription factors differentially contribute to expression of stress-inducible genes. In this report, we show that ATF3 is integral to this stress response. ATF3 is induced in response to ER stress or amino acid deprivation, and deletion of the primary eIF2 kinase eliciting these stress responses blocked the synthesis of ATF3 mRNA and protein (Fig. 1, 2, and 4) . Given the differences in timing for expression of ATF3, ATF4, and CHOP, we addressed the epistatic relationships among these transcription factors with MEF cells specifically carrying deletions of members of this stress response pathway. Deletion of ATF4 blocked the expression of ATF3 and CHOP in response to amino acid starvation and substantially reduced the expression of these transcription factors in response to ER stress ( Fig. 5 and 6 ). As illustrated in Fig. 10 , these results indicate that ATF4, whose levels are most rapidly induced following stress, directly or indirectly increases the transcription of ATF3 and CHOP. While deletion of ATF3 had no impact on ATF4 and CHOP expression during ER stress, loss of ATF3 function significantly reduced CHOP expression in response to starvation for amino acids. Together, these experiments support the model for sequential induction whereby ATF4 induces expression of ATF3, followed, at least in the case of amino acid FIG. 8 . Overexpression of ATF3 reduces the levels of eIF2␣ phosphorylation during ER stress. ATF3 was transiently overexpressed in PEK ϩ/ϩ MEF and HEK 293T cells, and these transfected cells or control PEK Ϫ/Ϫ cells were treated with thapsigargin (Tg) (ϩ) for 6 h or not subjected to ER stress (Ϫ). ATF3 ϩ indicates that this transcription factor was expressed in the indicated cell line, and ATF3 Ϫ indicates that only the expression vector was introduced into the cells. Levels of phosphorylated eIF2␣ (eIF2␣-P), total eIF2␣, ATF3, GADD34, and actin were measured by immunoblot analysis. The same amount of protein lysate was analyzed in each lane. In PEK ϩ/ϩ MEF cells, the level of endogenous ATF3 induced by ER stress was lower than that measured in HEK 293T cells. 10) . Expression of GADD34 has also been linked to eIF2␣ phosphorylation and ATF4 (16, 47, 48) . We showed that deletion of ATF3 in MEF cells substantially reduced GADD34 levels in response to either ER stress or amino acid starvation (Fig. 6A  and B) . Overexpression of ATF3 partially bypassed the requirement for PEK and eIF2␣ phosphorylation for induced GADD34 expression in response to ER stress (Fig. 7) . Further substantiating the linkage between ATF3 and expression of GADD34, overexpression of ATF3 increased levels of the GADD34 eIF2 phosphatase regulatory subunit and reduced levels of eIF2␣ phosphorylation in response to ER stress (Fig.  8) . These results suggest that ATF3 functions directly or indirectly as an activator of GADD34 expression. This is noteworthy given that ATF3, despite its acronym, is thought to function as a transcriptional repressor through heterodimerization with other bZIP proteins (26) .
ATF3 and ATF4 function in the activation of GADD34 and CHOP expression. To further examine ATF3 function in GADD34 expression, we characterized an ATF/CREB binding site in the GADD34 promoter by EMSA. This DNA element gave five discernible protein-DNA complexes that were induced in response to ER stress and were fully dependent on PEK function (Fig. 10C) . On the basis of supershift experiments with an antibody that specifically recognizes ATF4, the most slowly migrating bands, designated A and B, appear to involve bound ATF4 protein. Increased ATF4 binding activity is consistent with our observation that ATF4 has enhanced nuclear localization and increased binding to the consensus ATF-C/EBP consensus binding element following ER stress (Fig. 9A ). This observation is also in agreement with a recent findings by Ma and Hendershot (45) that suggested that ATF4 can bind to the GADD34 promoter. Addition of an ATF3 antibody did not alter the ATF/CREB binding pattern, suggesting that, at least during ER stress, ATF3 does not bind directly to this GADD34 promoter region (Fig. 9C) . In ATF3 Ϫ/Ϫ MEF cells, the five protein-DNA bands were not induced in response to leucine starvation but were bound during ER stress (Fig. 9E ). This suggests that both ATF4 and ATF3 participate in the expression of this eIF2 kinase-targeted gene and that additional regulatory elements in the GADD34 promoter participate at least in response to ER stress. Recently, Kilberg and colleagues (51) have also suggested that ATF3 and ATF4 may function jointly in the transcriptional induction of asparagine synthetase in response to nutritional stress.
Two sites in the CHOP promoter, an ER stress element and an ATF-C/EBP composite sequence, facilitate increased transcription (44) . High levels of ATF4 expression were observed between 1 and 3 h of ER stress, with enhanced ATF4-C/EBP DNA binding by 6 h of thapsigargin treatment (Fig. 1B and  9A ). This time frame of induced ATF4 activity, and the observation that deletion of ATF4 significantly reduced CHOP expression, suggests a role for ATF4 via the ATF-C/EBP site ( Fig. 5) (30, 44) . EMSA analysis of this CHOP ATF-C/EBP site indicated that there are at least four DNA-protein complexes induced by ER stress, and two complexes appear to involve ATF4 heterodimers, as judged by supershifting with an ATF4-specific antibody (44) . The C/EBP(s) that associates with ATF4 does not appear to be C/EBP␤, a predominant C/EBP in fibroblasts that is proposed to be translationally induced by eIF2␣ phosphorylation (11) , because increased CHOP expression during ER stress occurs in c/ebp␤ Ϫ/Ϫ cells (78) . However, overexpression of ATF4 or ATF3 alone is not sufficient to induce CHOP expression in PEK Ϫ/Ϫ cells, even under ER stress conditions (30; H. Jiang, unpublished observations). It is noteworthy that ATF2 is also required for CHOP expression in response to amino acid starvation conditions (8) . These studies suggest that multiple bZIP transcriptional regulators, including ATF4, ATF3, and ATF2, work in concert to mediate activation of CHOP expression during nutrient limitation, and emphasize the differences in the mechanisms of CHOP regulation during amino acid starvation and ER stress (Fig. 10) .
In addition to PEK, protein misfolding in the ER is also recognized by membrane-associated ATF6 and IRE1, which are proposed to contribute together to induction of the UPR, including GRP78 expression (29, 41) (Fig. 10) . ER stress induces proteolytic cleavage of ATF6, releasing an amino-terminal fragment of the transcription factor that serves to activate the UPR (34, 42) . Among these induced genes is XBP1, the mammalian homologue of yeast HAC1 (55, 59) , which is also thought to function in the transcriptional activation of the UPR (10, 42, 74) . However, XBP1 mRNA contains a 26-nucleotide insert that needs to be removed to facilitate translation. Splicing of XBP1 mRNA requires the RNase activity of the ␣ isoform of IRE1. In response to ER stress, the induced protein kinase activity of IRE1␣ leads to elevated autophosphorylation and a change in protein conformation that enhances the endonuclease activity situated at the extreme carboxy terminus of IRE1␣.
Our analysis of the UPR, as exemplified by GRP78 expression, indicates that at least a portion of this pathway can occur largely independently of PEK (Fig. 1 ) and distinguishes this transcriptional pathway from that mediating ATF4, ATF3, CHOP, and GADD34 expression. The UPR is restricted to stress in the ER, and GRP78 expression is unaffected by amino acid starvation, a stress condition that elevates ATF3 and CHOP expression. Mori and colleagues (49) suggested that there is ATF6-dependent and -independent gene expression in response to ER stress, further supporting the premise that different combinations of transcription factors mediate gene expression during ER stress. The fact that increased CHOP expression in response to ER stress occurs independently of ATF3 and at reduced, albeit measurable, levels in ATF4 Ϫ/Ϫ cells suggests that ER stress-activated transcription factors such as ATF6 may contribute to CHOP expression via the ER stress element in the CHOP promoter (Fig. 5A, 6A, and 10) .
In addition to regulation of stress gene expression, the eIF2 kinase PEK facilitates growth arrest in the G 1 phase in response to ER stress (6) . We found that overexpression of ATF3 in NIH 3T3 cells elicits this G 1 arrest even in the absence of cellular stress (Jiang, unpublished) . However, loss of ATF3 did not alter the cell cycle arrest during ER stress, again FIG. 10 . Cascade of transcription factors that induce stress gene expression in response to eIF2␣ phosphorylation. In response to ER stress, eIF2␣ phosphorylation by PEK induces ATF4 expression, which is required for increased expression of ATF3 and other stress genes. ATF3 is required for increased levels of GADD34, which directs the type 1 protein phosphatase (PP1) to dephosphorylate eIF2. ER stress is also recognized by membrane-associated ATF6 and IRE1, which function to activate the UPR, including GRP78 expression. ATF6 and IRE1 are proposed to work in conjunction with the eIF2 kinase stress pathway to enhance the expression of many stress genes, including CHOP/GADD153 and ATF3. During nutritional stress, the eIF2 kinase GCN2 induces the sequential expression of bZIP transcription factors ATF4, ATF3, and CHOP. ATF3 contributes to increased GADD34 expression, which contributes to feedback dephosphorylation of eIF2. Transcriptional activation by ATF3 may be indirect through proteinprotein interactions. ATF4 is suggested to directly regulate stress gene expression during nutrient limitation. Analysis of MEF cells carrying a deletion of ATF2 indicate that this bZIP transcription factor is also required for CHOP expression in response to amino acid deprivation (8) .
suggesting that ATF3 works in conjunction with additional regulatory proteins in the eIF2 kinase stress pathway.
eIF2 kinases and induction of ATF3 expression under different stress conditions. PEK and GCN2 are primary eIF2 kinases that direct the cascade of transcription factors in response to ER stress or amino acid depletion, respectively ( Fig.  1C and 4) . It is noteworthy that under extended ER or nutritional stress conditions, there is enhanced eIF2␣ phosphorylation in the absence of these primary eIF2 kinases. For example, our analysis of MEF cells containing combined eIF2 kinase gene deletions suggests that GCN2 can serve as a secondary eIF2 kinase that is activated following 6 h of thapsigargin treatment (Fig. 1B) . However, this delayed eIF2␣ phosphorylation does not necessarily lead to induced expression of bZIP transcription factors. In the case of ER stress in PEK Ϫ/Ϫ cells, the enhanced eIF2␣ phosphorylation detected following prolonged ER stress did not contribute to enhanced ATF4, ATF3, or CHOP expression (Fig. 1C) . There was a modest increase in CHOP expression that followed delayed eIF2␣ phosphorylation in GCN2 Ϫ/Ϫ cells subjected to leucine starvation (Fig. 4) . Together, these results suggest that eIF2␣ phosphorylation per se is not sufficient to induce ATF4 and ATF3 and its target genes. Phosphorylation of eIF2␣ functions in conjunction with additional activating factors, such as ATF6 during ER stress, and the coordinate timing of these stress signals may be critical for increased stress gene expression.
ATF3 mRNA has been reported to be increased by a large number of different stress conditions in many different tissues and cultured cell systems (27) . Some of the stress conditions that enhance ATF3 levels are linked to induction of eIF2␣ phosphorylation. For example, exposure of cultured cells to UV light induces ATF3 expression and was shown to enhance eIF2␣ phosphorylation by GCN2 and possibly PEK (18, 72) . Induction of ATF3 and eIF2␣ phosphorylation has also been reported following exposure to ethanol, homocysteine, and oxidizing conditions (9, 15, 25, 27) . Furthermore, inhibition of transcription or translation by actinomycin D and cycloheximide, respectively, can induce eIF2␣ phosphorylation (Fig. 3 ) (40) . Together, these studies suggest that activation of eIF2 kinases may occur in response to a larger and more diverse set of stress conditions than previously thought, and their function may have a general role in stimulating ATF4 and ATF3 and their target stress genes. Such stress genes may be important for coordinating common metabolic and stress remediation strategies for coping with cellular damage induced by the environmental stress. Additionally, the eIF2 kinase stress response pathway interfaces with other stress-related pathways, such as ATF6 and NFB (29, 33, 40) . Such combinatorial regulation would provide mechanisms by which to differentially regulate complex programs of stress gene expression that are best suited for the cellular insult.
Role of ATF3 under different stress conditions. ATF3 can function as a homodimer or in association with C/EBPs and is proposed to have an important role in transcriptional repression. The target genes of ATF3 are not well understood. ATF3 has been reported to repress phosphoenolpyruvate carboxykinase (PEPCK) promoters and autoregulate its own expression. Recent studies by Hai and colleagues have characterized the physiological responses of transgenic mice with targeted tissue expression of ATF3 and emphasized the importance of strictly controlling ATF3 levels (3). Overexpression of ATF3 in the liver led to organ dysfunction, with the transgenic mice displaying elevated levels of serum bilirubin, alkaline phosphatase, aspartate transaminase, and bile salts. These transgenic animals also suffered from severe hypoglycemia, accompanied by reduced insulin in the serum and lowered adipocyte mass. The reduced levels of PEPCK and fructose 1,6-bisphosphatase mRNAs in the transgenic livers suggested that overexpression of ATF3 may contribute to defective glucose homeostasis by lowering gluconeogenesis. Elevated ATF3 expression in the pancreas led to mice with reduced islets of Langerhans (2) .
It is interesting that disruption of appropriate eIF2␣ phosphorylation in mice can lead to many pathological conditions described for the ATF3 transgenic animals. For example, deletion of PEK (Perk) leads to impaired pancreatic function, including disrupted islets owing to catastrophic loss of islet beta cells (28, 75) . The resulting neonatal insulin-dependent diabetes results in early death, and this underlying condition is also the hallmark of WRS, which results from loss of PEK (EIF2AK3) in humans (17) . Kaufman and colleagues have replaced the genes encoding eIF2␣ with those encoding eIF2␣-S51A in mice, creating a so-called knock-in animal that would be expected to approximate a loss of eIF2␣ kinase function (57) . These eIF2␣-Ser51A animals die within 1 day of birth because of severe hypoglycemia associated with defective gluconeogenesis. Impaired gluconeogenesis is at least in part due to significantly reduced levels of PEPCK, which is normally induced shortly after birth. Furthermore, eIF2␣-Ser51A mice do not accumulate glycogen in their livers (57) .
Given our finding that eIF2 kinase activity is required for increased expression of ATF3 in response to different stress conditions, it may appear contradictory that eIF2␣-Ser51A mice and transgenic animals overexpressing ATF3 in the liver both have the hypoglycemic phenotype. However, we showed that overexpression of ATF3 in cultured MEFs or HEK 293T cells blocked eIF2␣ phosphorylation in response to ER stress (Fig. 7) . Therefore, the physiological consequences of overexpressing ATF3 in transgenic animals may result at least in part from an impaired eIF2 kinase stress response. A similar explanation may also hold true for the common loss of islet beta cells observed in PEK Ϫ/Ϫ mice and transgenic mice overexpressing ATF3 in the pancreas. We do not understand the molecular basis for this ATF3 control, although it may involve GADD34, which inhibits eIF2␣ phosphorylation levels by feedback (16, 47) . Increased levels of GADD34 that occur late in the stress response pathway serve to target a type 1 protein phosphatase catalytic subunit to phosphorylated eIF2␣. The resulting dephosphorylation of this translation factor is thought to dampen the gene expression pathway when there is a sufficient level of stress gene expression.
